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We consider an array of optically levitated nanospheres in vacuum and investigate nontrivial
phonon transports in this system. The levitated nanospheres are coupled by optical binding. Key
parameters of this system, such as the interaction range, trapping frequencies and mechanical dissi-
pation, are all highly tunable. By tuning the spacing between neighboring spheres, the mechanical
dissipation and the trapping frequency of each sphere, counter-intuitive phenomena such as prether-
malization and nonreciprocal phonon transport can be achieved. Our system provides a great
platform to investigate novel phonon transport and thermal energy transfer.
I. INTRODUCTION
An optically levitated dielectric particle in vacuum is
a novel optomechanical system that gains lots of atten-
tions recently [1–5]. Many recent studies focus on the
center-of-mass motion [5, 6], librational motion [7, 8], ro-
tation [9–12], nonlinear dynamics [13–16], and nonequi-
librium thermodynamics [4, 17–20] of a single levitated
nanoparticle. Because of its ultra-high mechanical qual-
ity factor, this system is an ideal testbed for macroscopic
quantum phenomena [21–25], and can be used for ultra-
sensitive measurements of force, torque, mass and accel-
eration [26–31]. With the development of related tech-
nologies, a nanoparticle has been trapped in high vacuum
and its center-of-mass motion has been cooled to a mean
thermal phonon number in the order of 10 [32]. The
optically levitated nanoparticle could be further cooled
to the quantum ground state through cavity sideband
cooling, which will enable us to investigate dynamics of
nanoparticles in the quantum regime [6, 33, 34].
Multiple dielectric particles can also be levitated si-
multaneously [35, 36] and the optical fields can generate
forces between them. This phenomenon is so-called ‘op-
tical binding’ [36–38], which can induce interesting self-
organization phenomenon [39–41]. While there have been
many studies about optical binding of particles in liquid
[37], systems of optically bond dielectric particles in vac-
uum are largely unexplored. In this paper, we consider
an optomechanical array of levitated nanospheres in vac-
uum, and study phonon dynamics and energy transport
in it.
Controlling the behavior of phonons is of great re-
search interests in acoustics, nanoscale thermal energy
∗ yinzhangqi@mail.tsinghua.edu.cn
† tcli@purdue.edu
transfer, and material science. There have been many
new developments in controlling phonon dynamics, such
as phononic crystal [42–44], phononic Josephson junc-
tion [45, 46] and acoustic diode [47, 48]. Nonrecipro-
cal phonon transport is one of the most important re-
search directions in this field. Various methods, in-
cluding nonlinearity [48–51], parametric modulation [52],
PT symmetry [53–55] and topological design [56–58],
have been proposed to realize the nonreciprocal trans-
port. Meanwhile, there are some experiments and theo-
ries on prethermalization [59–62], which describes quasi-
stationary states that stay out of equilibrium for very
long time.
Recently, there is a new approach to tailor the phonon
dynamics by using optomechanical interactions. Op-
tomechanical structures have been designed to investi-
gate many-body effects [63–65], achieve topological trans-
port [66, 67] or pseudomagnetic fields [68]. These works
mostly based on cavity-based optomechanical resonator
arrays. However, current manufacturing technologies are
not sufficient to fabricate cavity-based optomechanical
resonator arrays with desired frequency accuracy and
coupling. Different from nanofabricated optomechani-
cal resonators with fixed frequencies, the parameters of
an optically levitated optomechanical array that we are
proposing here are highly tunable. For example, the
trapping frequency of each nanosphere can be tuned by
changing the power of each trapping laser. The coupling
strength between neighboring nanospheres can be eas-
ily adjusted by using additional optical binding lasers or
changing the positions of nanospheres. By tuning these
parameters, we can manipulate the transport behavior of
phonons in our system to realize nonreciprocal phonon
reflection and prethermalization. Our system provides a
versatile platform to investigate novel phonon transport
and energy transfer phenomena.
This paper is organized as follows: In Sec.II, we intro-
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FIG. 1. (Color online).(a) Schematic diagram of a 1D levi-
tated optomechanical array. All these nanosphere are placed
on x-axis and uniformly-spaced. Each nanosphere is trapped
by a linearly polarized laser beam propagating along y-axis.
E‖ and E⊥ denotes the electric field component parallel to the
y-axis and z-axis respectively. (b) The ith nanosphere (with
equilibrium position id) and jth nanosphere (with equilibrium
position jd) deviate their equilibrium positions with displace-
ments of xi and xj , respectively. ∆Fij is net force between
the two spheres.
duce the model, derive its classical dynamics and quan-
tum Hamiltonian. In Sec.III, we give some typical pa-
rameters, present our calculation of coupling strength,
introduce the master equation for correlation matrix and
show the general behavior of energy transport. In Sec.IV,
we reveal that the prethermalization could happen in our
system if the trapping frequencies meet some conditions.
We also investigate the phonon dynamics at different
interaction range and trapping frequencies. In Sec.V,
we introduce a feasible method to realize nonreciprocal
phonon reflection in our system by tuning the phonon
energy gain and loss. In the last section Sec.VI, we give
a brief conclusion and prospect of this study.
II. MODEL
As shown in Fig. 1, we consider a levitated nanosphere
array formed by identical dielectric nanospheres. Each
sphere is trapped by a linearly polarized Gaussian laser
beam. We suppose the diameter of those nanospheres
are much less than the wavelength of the trapping beam.
In this case, we can use dipole approximation to cal-
culate the force between the nanospheres. For the ith
nanosphere, the induced dipole pi = αEi, where Ei is
the total electric field. The total electric field acting on
ith sphere can be given by the sum of the trapping field
EIi and the field generated by other dipole [37, 69],
Ei = E
I
i +
∑
j 6=i
Gijpj = E
I
i +
∑
j 6=i
αGijEj, (1)
where Gjk is the propagator between dipole j and k and
α is scalar polarizability of those nanoparticles. We sub-
stitute (1) into itself, we can get
Ei = E
I
i +
∑
j 6=i
αGij
EIj +∑
k 6=j
αGjkEk
. (2)
As the αGjk is small compared with trapping field, we
neglect the second order terms. The force can be calcu-
lated as F = 12Re 〈p∗ · ∂E〉. So the force acts on the i th
sphere reads
F =
1
2
Re
〈(
αEIi
)∗ · ∂EIi〉
+
1
2
∑
j 6=i
Re
〈(
αEIi
)∗ · ∂ (αGijEIj)〉. (3)
The first term is the force due to the trapping laser and
the second term is the sum of those optical binding force
from other spheres. Eq. (3) allows us to calculate the
optical binding force Fij =
1
2Re
〈(
αEIi
)∗ · ∂ (αGijEIj)〉
for each of two spheres first, and then sum them up. The
binding force along the x axis between the two dielectric
spheres seperated by R can be written as the sum of two
parts [37, 70]
Fx = Fxx + Fxy, (4)
where
Fxx =
2α2E2x
8pi0R4
[
−3 cos kR− 3kR cos kR+ (kR)2 cos kR
]
(5)
and
Fxy =
α2E2y
8pi0R4
[
3 cos kR+ 3kR sin kR
−2(kR)2 cos kR− (kR)3 sin kR
]
. (6)
Here the two spheres are placed on the x-axis and the
two trapping beams have the same frequency and polar-
ization. Ex and Ey are the electric field components of
the trapping beams parallel to the x-axis and the y-axis,
respectively. Therefore, Fxx depicts the binding force
along x-axis between pi and pj due to the x components
of the electric field of the trapping lasers, and Fxy depicts
the binding force along x-axis between pi and pj due to
the y electric field components of the trapping lasers. If
the polarization direction is paralleled to x-axis, i.e. par-
alleled to the array, Ex = E0, Ey = 0. So Fx = Fxx
and in the far field region kR  1, Fx ∼ R−2, which
scales similarly to the Coloumb force. If the polarization
direction is perpendicular to x-axis, i.e. perpendicular to
the array, Ex = 0, Ey = E0. So Fx = Fxy and in the
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FIG. 2. (Color online) (a) The optical binding force between
two dielectric spheres as a function of the spacing x. θ is
the angle between polarization direction of the trapping laser
and the x axis. (b) The coupling strength as a function of
spacing x when the polarization direction is perpendicular to
the array. Dots represents the values at the spacing we choose.
far field region kR  1, Fx ∼ R−1, which reduces much
slower than the Columb force. These characters allow us
to investigate the dynamics under a Columb-like interac-
tion, or under the interaction form that rarely exists in
nature. The different force forms are shown in Fig. 2(a),
where θ denotes the angle between polarization direction
of the lasers and the x axis.
As Fig. 1(b) shows, we suppose that the uniformly-
spaced spheres have small vibrations around their equi-
librium positions xi0 and focus on the behavior of vi-
brational energy transport in the array. When the ith
and jth spheres deviate their equilibrium positions with
displacement xi and xj , they will experience a force
∆Fij = ∆R
dFx
dR
∣∣∣∣
x=|i−j|d
≡ kij∆R. (7)
We denote kn =
dFx
dR
∣∣
R=nd
and ωn =
√
kn/m, where
n = |i− j|. We can write the classical dynamics of the
system as
x¨i + ω
2
0xi +
∑
n
ω2n (2xi − xi+n − xi−n) = 0. (8)
If the nanospheres are cooled to millikelvin tempera-
tures or even to their ground states, a Hamiltonian in
quantum regime is needed to describe the dynamics of
the system. The Hamiltonian of the system reads
H =
∑
i
(
p2i
2m
+
1
2
k0x
2
i
)
+
∑
i 6=j
1
2
kij(xi − xj)2. (9)
By using the annihilation(creation) operator bi(b
†
i ) at site
i and neglecting the fast rotating terms [71], we can get
H =
∑
i
~Ωib†i bi + ~
∑
i 6=j
gij
(
b†i bj + bib
†
j
)
, (10)
where
Ωi =
√
(k0 +
∑
j 6=i
kij)/m,
and
gij = − kij
2m
√
ΩiΩj
.
We can cool or amplify the motion of the nanosphere by
parametric or force feedback control [5, 32]. This feed-
back cooling (amplifying) process can be written in an
equation of the average energy Ei of the nanosphere phe-
nomenologically:
dEi
dt
= −Γ
cool
2
(+
Γamp
2
)Ei. (11)
We note that it is equivalent to adding −iΓcool2 b†i bi
(+Γ
amp
2 b
†
i bi) into the Hamiltonian (10).
III. MASTER EQUATION
Using the method of feedback cooling and cavity side-
band cooling, we can cool the motion of nanoparticles
near their ground states. When we ‘kick’ or drive one
of the nanosphere in array, the vibrational energy will
quickly spread in the form of local phonons. Here we use
the master equation to study the energy transport in the
array. The master equation of the system reads
ρ˙ = −i [H, ρ] +
∑
j
Ljρ, (12)
where Ljρ can be given in Lindblad form,
Ljρ = Γj (nj + 1)
(
bjρb
†
j − 12
{
b†jbj , ρ
})
+ Γjnj
(
b†jρbj − 12
{
bjb
†
j , ρ
})
,
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FIG. 3. (Color online) The coupling strength between ith and
jth nanospheres.
where nj is the average phonon number of the environ-
ment around the jth nanosphere and Γj is the mechanical
damping rate of the jth nanosphere. If we define a cor-
relation matrix Cij ≡ 〈b†i bj〉, and 〈C˙〉 = Tr(ρC˙), we use
the master equation and get [72]
C˙ = i [W,C] + {L,C}+M, (13)
where Wij = Ωδij + gij , L = − 12Diag (Γ1,Γ2, . . . ,ΓN ),
M = Diag (Γ1n1,Γ2n2, . . . ,ΓNnN ). In an experiment,
subsequent velocity and energy readout allows us to in-
vestigate how energy spreads in the array. Here we sup-
pose that all the spheres have been cooled to millikelvin
temperatures and then we excite one of them. We sup-
pose the system is prepared in a thermal state at begin-
ning
ρi =
1
n¯i + 1
(
n¯i
n¯i + 1
)n
|ni〉 〈ni| (14)
and we can get Cij = 〈b†i bj〉 = n¯iδij , n¯i is the initial
average phonon number of the ith nanosphere. Whether
the excitation process is modeled as acting a displace-
ment operator with arbitrary phase on the ith sphere
or preparing a big fock state |ni〉, we can see that it
will only change the corresponding matrix element Cii.
So we might as well set n¯i  n¯j (j 6= i) and simulate
the dynamics of phonon number. Actually, because of
ultra-small mechanical loss, the system is very close to
an isolated system.
Here we list the parameters we use in this section and
Sec. IV. All the nanospheres are made by silica. The
diameter of every nanosphere is 200nm. The power of our
trapping laser is P0 = 100mW, its waist is w0 = 600nm
and its wavelength is λ = 1550nm. Under this situation,
we choose the spacing of each two adjacent spheres d = λ
to achieve a larger coupling. The polarization directions
of all laser beam are chosen to be perpendicular to array.
The coupling strengths as a function of x is plotted in
1 0
1 0
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FIG. 4. (Color online) Energy diffusion in a levitated optome-
chanical array with 15 nanospheres. The system is initially
prepared in n8  nj (j 6= 8). (a) Full dynamics with long-
range hopping terms due to optical binding. (b) Dynam-
ics with only the nearest-neighbor hopping terms. Energy
spreads more uniformly and thoroughly in (a) because of the
long-range hopping terms.
Fig. 2(b), and the coupling strengths between each two
nanospheres under the above parameters are plotted in
Fig. 3.
To have a general picture of phonon transport, the
calculation results for the case of n = 15 and the 8th
nanosphere being kicked are shown in Fig. 4(a), where
the interactions among the nanospheres are due to long-
range optical binding (Fig. 2(b)). For comparison, we
also calculated a hypothetical case with only nearest-
neighbor coupling, as showed in Fig. 4(b). It is found
that under the long-range optical binding interactions,
the energy spreads in the array more uniformly and thor-
oughly than the nearest-neighbor coupling. We also note
that the system can revive because of ultra-small me-
chanical loss.
IV. PRETHERMALIZATION
How an isolated system reaches thermal equilibrium,
and what is its far-from-equilibrium behavior have in-
5trigued researchers for a long time. Recently, a phe-
nomenon called prethermalization was predicted theoret-
ically [59] and realized experimentally [60] in a trapped
ion chain. The prethemalization is a process that system
reaches a quasi-stationary state before it finally thermal-
izes. In the harmonic oscillator, the prethermalization is
also found to happen with nonlinearity [61, 73].
Since the damping rate of a levitated nanosphere array
is extremely small in high vacuum, we can treat our sys-
tem as an approximately isolated system. We investigate
how does the system thermalize when the interaction be-
tween trapped nanospheres is long-range interaction or
nearest-neighbor interaction. We find a highly-excited
prethermalization phenomenon in our system without
nonlinearity by tuning the trapping frequencies. In order
to characterize how the system reaches equilibrium, we
introduce a parameter [59]
A (t) =
N∑
i=1
fini (t)
/
N∑
i=1
ni (0), (15)
where fi ≡ (2i−N − 1)/(N − 1) and ni ≡ b†i bi. The
expectation value 〈A〉 ∈ [−1, 1]. It can be easily checked
that 〈A〉t=0 = −1 for kicking leftmost nanosphere,〈A〉t=0 = 1 for kicking rightmost nanosphere and 〈A〉 = 0
for the system states with bilateral symmetry. So A qual-
ifies the average position of the phonons. We also intro-
duce
A¯ (t) =
1
t
∫ t
0
〈A (τ)〉 dτ (16)
to depict the long-time behavior of the array.
The phonon population distribution of quasi-
stationary state can be determined by the generalized
Gibbs ensemble[60]. We can diagonalize W by an
orthogonal matrix U , such that UWU† = kδkl and
HDiag =
∑
k
kc
†
kck (17)
where ck =
∑
l
Uklbl. The generalized Gibbs ensemble
gives the density matrix
ρGGE =
exp(−∑
k
λkc
†
kck)
Tr(exp(−∑
k
λkc
†
kck))
, (18)
where λk can be derived by 〈c†kck〉t=0 = 〈c†kck〉GGE . So
that we can get
〈b†i bi〉 = Tr(ρGEEb†i bi) = Tr(ρGEE
∑
k.l
UikUilc
†
kcl)
=
∑
k
U2ik 〈c†kck〉GEE =
∑
k
U2ik 〈c†kck〉t=0.
(19)
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FIG. 5. (Color online) (a): Short-time dynamics of A and
A¯ with long-range interaction. (b): Long-time dynamics of
A¯ with long-range interaction. The inset shows the trapping
frequency of each nanosphere. The trapping lasers are all po-
larized along z-axis. So the interaction is roughly proportional
to r−1 as shown in Fig. 3.
When the angle between the polarization direction of
traps and x-axis is θ, we can derive the coupling strength
between ith and jth nanosphere
gij = gij,⊥sin2θ + gij,‖cos2θ, (20)
where gij,⊥ and gij,‖ is the coupling strength when θ =
pi/2 or θ = 0. As we discussed in section II, when we
turns θ from 0 to pi/2, the form of the g will change
from proportional to r−2 to proportional to r−1. So, it’s
easy to change the interaction range by adjusting the
polarization direction of the laser beams to investigate
the different behavior of prethermalization.
We assume that the left-most nanosphere is kicked and
solve the dynamics of the system under different situa-
tions. The interaction is proportional to r−1 as shown
in Fig. 3. We can find that, by tuning the trapping
frequencies properly, for example the trapping frequen-
cies in the middle are smaller, the prethermalization can
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FIG. 6. (Color online) Long-time dynamics of A¯ under dif-
ferent conditions. The insets show the trapping frequency of
each nanosphere. (a): All the trapping frequencies are the
same, and g ∼ r−1 are showed in Fig. 3. (b): Trapping fre-
quencies of nanospheres near middle are bigger, and gs are
shown in Fig. 3. In (a) and (b), prethermalization will not
happen. (c) Trapping frequencies are same with Fig. 5 with
only near-neighborhood hopping terms. (d) Trapping fre-
quencies are same with Fig. 5 with coupling strength g ∼ r−2.
In (c) and (d), prethermalization will still happen, but will be
less obvious than Fig. 5.
appear as shown Fig. 5 (a) and (b). Before the A (or
A¯) increases to 0 which marks thermalization, the sys-
tem will arrive at a quasi-stationary state with non-zero
A and stay there for a long time (Fig. 5 (a)). If we
take all trapping frequencies to be the same or bigger for
middle spheres, as shown in Fig. 6 (a) and (b), prether-
malization will not happen. Fig. 6 (c) and (d) shows
the long-time dynamics of A¯ with nearest-neighborhood
coupling and coupling strength proportional to r−2. As
the Fig. 6 shows, although the quasi-stationary states
aren’t as obvious as Fig. 5, the prethermalization will
still happen. These results show that the prethermal-
ization relies on both long-range hopping and trapping
frequencies. Because we can set coupling and frequencies
respectively, the system give us a chance to investigate
their contribution to prethermalization.
V. NONRECIPROCAL PHONON TRANSPORT
Controlling photon/phonon transport, especially non-
reciprocal transport has received considerable attention
due to its wide application. In optics, nonreciprocal in-
visibility can be generated by setting PT -symmetric pe-
riodic structures [54, 74, 75]. Here we put up a scheme to
realize nonreciprocal phononic invisibility in our discrete
levitated nanosphere array by using a gain-loss unit.
In last section, we consider the system that is not in an
eigenstate of the full coupled set of oscillators. Here, we
loss gainL,0L,-1L,-2 R,0 R,+1 R,+2
eikx γeikx
βe-ikx
…… ……
FIG. 7. A plane wave incidents from left, scatters and trans-
mits because of the imperfect. Left sphere in the box losses
energy while the right gains energy both with rate Γ.
suppose that the system is in its eigenstate, which means
a collective ‘phonon’ transporting as a plane wave in the
array. For clarity, at first we only consider the nearest
neighborhood coupling in an infinite nanosphere array.
Because the mechanical loss is extremely small in high
vacuum, so we can neglect intrinsic mechanical loss. We
add a gain on a sphere and add a loss on the nearest-
neighbor sphere, both with rate Γ by using the feedback
amplifying (cooling) method in Eq. (11), as shown in Fig.
7. The semi-classical evolution functions of the spheres
array L, 0, loss, gain, and R, 0, are
Eαgain =
(
Ω + i
Γ
2
)
αgain + g (αR,0 + αloss)
Eαloss =
(
Ω− iΓ
2
)
αloss + g (αL,0 + αgain)
EαL,0 = ΩαL,0 + g (αL,−1 + αloss)
EαR,0 = ΩαR,0 + g (αR,+1 + αgain) .
(21)
And the semi-classical evolution fucntions of the spheres
far away from the loss-gain unit are in the form of
EαL(R),i = ΩαL(R),i + g(αL(R),i−1 + αL(R),i+1). (22)
As we can see, the time-reversal symmetry is broken but
the system still holds PT symmetry with small Γ. When
the gain and loss are big enough, the phase transition will
occur and the behavior will be extremely asymmetric.
We take the solution as the form αL,n = e
iknb+βe−iknb
and αR,n = γe
iknb, we can get the transmissivity from
left to right
γloss→gain =
8
√
4− δ2
16i− 2iΓ2 − 20iδ2 + iΓ2δ2 + 4iδ4 − 12δ√4− δ2 + Γ2δ√4− δ2 + 4δ3√4− δ2 . (23)
7The reflectivity is
βloss→gain = − 2i(Γ
2 + 2Γ
√
4− δ2)
16i− 2iΓ2 − 20iδ2 + iΓ2δ2 + 4iδ4 − 12δ√4− δ2 + Γ2δ√4− δ2 + 4δ3√4− δ2 , (24)
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FIG. 8. (Color online) (a) η ≡ ln[(βgain→loss/βloss→gain)2]
as a function of δ/g and Γ/g. Reflection behavior can be
asymmetric for some parameters. (b) βloss→gain as a function
of δ/g when βgain→loss = 0 (i.e. when Γ = 2
√
4g2 − δ2).
where δ = E − Ω and δ and Γ are divided by g for
dimensionless. Here we used the dispersion relation
2g cos kb = E − Ω. Take Γ → −Γ, we can get the
transmissivity γgain→loss and reflectivity βgain→loss for
plane wave incidents from the right side, and we can get
γloss→gain = γgain→loss.
when Γ = 0, the model goes back to the trivial case
where β = 0 and |γ| = 1 and the system is recip-
rocal. When Γ 6= 0, the system shows nonrecipro-
cal features with βgain→loss 6= βloss→gain. We define
η ≡ ln
[
(βgain→loss/βloss→gain)
2
]
to quantify the degree
of energy transport asymmetric. And as Fig. 8 (a) shows,
the energy transport can be extremely asymmetric. At
Γ = 2
√
4g2 − δ2 or Γ = −2
√
4g2 − δ2, this nonreciprocal
behavior is most pronounced.
For more precise, we can include the next-nearest-
neighborhood hopping terms, and the semi-classical
equations read
Eαgain =
(
Ω + i
Γ
2
)
αgain
+ g1 (αR,0 + αloss) + g2 (αR,+1 + αL,0)
Eαloss =
(
Ω− iΓ
2
)
αloss
+ g1 (αL,0 + αgain) + g2 (αR,0 + αL,−1)
EαL,0 = ΩαL,0
+ g1 (αL,−1 + αloss) + g2 (αgain + αL,−2)
EαR,0 = ΩαR,0
+ g1 (αR,+1 + αgain) + g2 (αR,+2 + αloss) .
(25)
We take the solution as the form αL,n = e
iknb +βe−iknb,
αR,n = γe
iknb as well and and let g2 = g1/2 ap-
proximately. Now, the dispersion relation becomes
2g1 cos kb + 2g2 cos 2kb = E − Ω. We show η =
FIG. 9. (Color online) Same as Fig. 9 but consider-
ing next-nearest-neighborhood hopping terms. (a) η ≡
ln[(βgain→loss/βloss→gain)2] as a function of δ/g and Γ/g. (b)
β2loss→gain as a function of δ/g when βgain→loss = 0 (i.e. when
Γ = Γ1(δ/g) or Γ = Γ2(δ/g) ) .
ln[(βgain→loss/βloss→gain)2] in Fig. 9. From Fig. 9 (a),
we can find that there are more values of Γ and δ that
can realize nonreciprocal reflectivity in the case.
When Γ satisfies Γ = Γ1(δ) or Γ = Γ2(δ) where Γ1(δ)
and Γ2(δ) can be determined numerically, the reflectiv-
ity for right-incident wave βgain→loss = 0 and we show
β2gain→loss in Fig. 9 (b). As the Fig. 9 (b) shows, because
of the next-nearest-neighborhood hopping terms, energy
can transport without going through the gain-loss unit,
so the nonreciprocal effect will decease. We can use mul-
tiple gain-loss units to compensate.
VI. CONCLUSION
In summary, we have investigated the dynamics of a
levitated optomechanical array. As the system has many
adjustable parameters, it is a great platform to study
phonon transport behaviors. By tuning the trapping fre-
quency of each nanosphere, we study the phononic en-
ergy transport behavior under different types of coupling
forms, and find conditions to realize prethermalization.
By adding mechanical dissipation and amplification, we
propose a method to realize nonreciprocal phonon trans-
port. In future, we anticipate a levitated optomechani-
cal array will enable a lots of new experiments including
topological random walk [76–78], PT symmetry and so
on.
ACKNOWLEDGMENTS
We acknowledge Shunyu Yao, Yumin Hu and Zhex-
uan Gong for helpful discussions. Z.Y. is supported
by National Natural Science Foundation of China NO.
861771278, 61435007, and the Joint Foundation of Min-
istry of Education of China (6141A02011604). T.L. is
supported by the NSF under Grant No. PHY-1555035
and the Tellabs Foundation.
[1] Z.-Q. Yin, A. A. Geraci, and T. Li, International Journal
of Modern Physics B 27, 1330018 (2013).
[2] O. Romero-Isart, M. L. Juan, R. Quidant, and J. I.
Cirac, New Journal of Physics 12, 033015 (2010).
[3] D. E. Chang, C. A. Regal, S. B. Papp, D. J. Wilson, J. Ye,
O. Painter, H. J. Kimble, and P. Zoller, Proceedings of
the National Academy of Science 107, 1005 (2010).
[4] T. Li, S. Kheifets, D. Medellin, and M. G. Raizen, Sci-
ence 328, 1673 (2010).
[5] T. Li, S. Kheifets, and M. G. Raizen, Nature Physics 7,
527 (2011).
[6] Z.-Q. Yin, T. Li, and M. Feng, Phys. Rev. A 83, 013816
(2011).
[7] H. Shi and M. Bhattacharya, Journal of Modern Optics
60, 382 (2013).
[8] T. M. Hoang, Y. Ma, J. Ahn, J. Bang, F. Robicheaux, Z.-
Q. Yin, and T. Li, Phys. Rev. Lett. 117, 123604 (2016).
[9] Y. Arita, M. Mazilu, and K. Dholakia, Nat. Comm. 4,
2374 (2013).
[10] S. Kuhn, B. A. Stickler, A. Kosloff, F. Patolsky, K. Horn-
berger, M. Arndt, and J. Millen, Nat. Commun. 8, 1670
(2017).
[11] J. Ahn, Z. Xu, J. Bang, Y.-H. Deng, T. M. Hoang,
Q. Han, R.-M. Ma, and T. Li, Phys. Rev. Lett. 121,
033603 (2018).
[12] R. Reimann, M. Doderer, E. Hebestreit, R. Diehl,
M. Frimmer, D. Windey, F. Tebbenjohanns, and
L. Novotny, Phys. Rev. Lett. 121, 033602 (2018).
[13] J. Gieseler, L. Novotny, and R. Quidant, Nature physics
9, 806 (2013).
[14] F. Ricci, R. A. Rica, M. Spasenovic´, J. Gieseler,
L. Rondin, L. Novotny, and R. Quidant, Nature com-
munications 8, 15141 (2017).
[15] K.-W. Xiao, N. Zhao, and Z.-q. Yin, Phys. Rev. A 96,
013837 (2017).
[16] P. Z. G. Fonseca, E. B. Aranas, J. Millen, T. S. Monteiro,
and P. F. Barker, Phys. Rev. Lett. 117, 173602 (2016).
[17] L. Rondin, J. Gieseler, F. Ricci, R. Quidant, C. Dellago,
and L. Novotny, Nature nanotechnology 12, 1130 (2017).
[18] T. M. Hoang, R. Pan, J. Ahn, J. Bang, H. T. Quan, and
T. Li, Phys. Rev. Lett. 120, 080602 (2018).
[19] J. Gieseler and J. Millen, Entropy 20 (2018),
10.3390/e20050326.
[20] J. Millen, T. Deesuwan, P. Barker, and J. Anders, Nature
nanotechnology 9, 425 (2014).
[21] O. Romero-Isart, A. C. Pflanzer, F. Blaser,
R. Kaltenbaek, N. Kiesel, M. Aspelmeyer, and
J. I. Cirac, Phys. Rev. Lett. 107, 020405 (2011).
[22] Z.-q. Yin, T. Li, X. Zhang, and L. M. Duan, Phys. Rev.
A 88, 033614 (2013).
[23] M. Scala, M. S. Kim, G. W. Morley, P. F. Barker, and
S. Bose, Phys. Rev. Lett. 111, 180403 (2013).
[24] Z.-q. Yin and T. Li, Contemporary Physics 58, 119
(2017).
[25] Y. Ma, T. M. Hoang, M. Gong, T. Li, and Z.-q. Yin,
Phys. Rev. A 96, 023827 (2017).
[26] G. Volpe and D. Petrov, Phys. Rev. Lett. 97, 210603
(2006).
[27] G. Volpe, G. Volpe, and D. Petrov, Phys. Rev. E 76,
061118 (2007).
[28] N. Zhao and Z.-q. Yin, Phys. Rev. A 90, 042118 (2014).
[29] G. Ranjit, M. Cunningham, K. Casey, and A. A. Geraci,
Phys. Rev. A 93, 053801 (2016).
[30] Z. Xu and T. Li, Phys. Rev. A 96, 033843 (2017).
[31] X.-y. Chen and Z.-q. Yin, ArXiv e-prints (2018),
arXiv:1807.05671 [quant-ph].
[32] V. Jain, J. Gieseler, C. Moritz, C. Dellago, R. Quidant,
and L. Novotny, Phys. Rev. Lett. 116, 243601 (2016).
[33] N. Kiesel, F. Blaser, U. Delic´, D. Grass, R. Kaltenbaek,
and M. Aspelmeyer, Proceedings of the National
Academy of Science 110, 14180 (2013).
[34] Y. Arita, E. M. Wright, and K. Dholakia, Optica 5, 910
(2018).
[35] J. Moore, L. L. Martin, S. Maayani, K. H. Kim, H. Chan-
drahalim, M. Eichenfield, I. R. Martin, and T. Carmon,
Opt. Express 24, 2850 (2016).
[36] Y. Arita, E. M. Wright, and K. Dholakia, Optica 5, 910
(2018).
[37] K. Dholakia and P. Zema´nek, Rev. Mod. Phys. 82, 1767
(2010).
[38] M. M. Burns, J.-M. Fournier, and J. A. Golovchenko,
Phys. Rev. Lett. 63, 1233 (1989).
[39] V. Kara´sek, T. Cˇizˇma´r, O. Brzobohaty´, P. Zema´nek,
V. Garce´s-Cha´vez, and K. Dholakia, Phys. Rev. Lett.
101, 143601 (2008).
[40] J. Ng, Z. F. Lin, C. T. Chan, and P. Sheng, Phys. Rev.
B 72, 085130 (2005).
[41] W. Lechner, S. J. M. Habraken, N. Kiesel, M. As-
pelmeyer, and P. Zoller, Phys. Rev. Lett. 110, 143604
(2013).
[42] T.-T. Wu, Z.-G. Huang, and S. Lin, Phys. Rev. B 69,
094301 (2004).
[43] S. Yang, J. H. Page, Z. Liu, M. L. Cowan, C. T. Chan,
and P. Sheng, Phys. Rev. Lett. 93, 024301 (2004).
[44] A. Khelif, B. Aoubiza, S. Mohammadi, A. Adibi, and
V. Laude, Phys. Rev. E 74, 046610 (2006).
[45] X.-W. Xu, A.-X. Chen, and Y.-x. Liu, Phys. Rev. A 96,
023832 (2017).
[46] S. Barzanjeh and D. Vitali, Phys. Rev. A 93, 033846
(2016).
[47] B. Liang, B. Yuan, and J.-c. Cheng, Phys. Rev. Lett.
103, 104301 (2009).
[48] B. Li, L. Wang, and G. Casati, Phys. Rev. Lett. 93,
184301 (2004).
[49] B. Hu, L. Yang, and Y. Zhang, Phys. Rev. Lett. 97,
124302 (2006).
[50] N. Bender, S. Factor, J. D. Bodyfelt, H. Ramezani, D. N.
Christodoulides, F. M. Ellis, and T. Kottos, Phys. Rev.
Lett. 110, 234101 (2013).
[51] R. Fleury, D. L. Sounas, C. F. Sieck, M. R. Haberman,
and A. Alu`, Science 343, 516 (2014).
[52] P. Huang, L. Zhang, J. Zhou, T. Tian, P. Yin, C. Duan,
and J. Du, Phys. Rev. Lett. 117, 017701 (2016).
9[53] X. Zhu, H. Ramezani, C. Shi, J. Zhu, and X. Zhang,
Phys. Rev. X 4, 031042 (2014).
[54] Z. Lin, H. Ramezani, T. Eichelkraut, T. Kottos, H. Cao,
and D. N. Christodoulides, Phys. Rev. Lett. 106, 213901
(2011).
[55] C. Shi, M. Dubois, Y. Chen, L. Cheng, H. Ramezani,
Y. Wang, and X. Zhang, Nature communications 7,
11110 (2016).
[56] P. Wang, L. Lu, and K. Bertoldi, Phys. Rev. Lett. 115,
104302 (2015).
[57] B.-Z. Xia, T.-T. Liu, G.-L. Huang, H.-Q. Dai, J.-R. Jiao,
X.-G. Zang, D.-J. Yu, S.-J. Zheng, and J. Liu, Phys.
Rev. B 96, 094106 (2017).
[58] Y. Liu, Y. Xu, S.-C. Zhang, and W. Duan, Phys. Rev.
B 96, 064106 (2017).
[59] Z.-X. Gong and L.-M. Duan, New Journal of Physics 15,
113051 (2013).
[60] B. Neyenhuis, J. Zhang, P. W. Hess, J. Smith, A. C. Lee,
P. Richerme, Z.-X. Gong, A. V. Gorshkov, and C. Mon-
roe, Science Advances 3 (2017), 10.1126/sciadv.1700672.
[61] T. K. Mohan and S. Sen, Pramana 64, 423 (2005).
[62] T. Kottos and B. Shapiro, Phys. Rev. E 83, 062103
(2011).
[63] W. Chen and A. A. Clerk, Phys. Rev. A 89, 033854
(2014).
[64] D. E. Chang, A. H. Safavi-Naeini, M. Hafezi, and
O. Painter, New Journal of Physics 13, 023003 (2011).
[65] M. Ludwig and F. Marquardt, Phys. Rev. Lett. 111,
073603 (2013).
[66] V. Peano, C. Brendel, M. Schmidt, and F. Marquardt,
Phys. Rev. X 5, 031011 (2015).
[67] C. Brendel, V. Peano, O. Painter, and F. Marquardt,
Phys. Rev. B 97, 020102 (2018).
[68] C. Brendel, V. Peano, O. J. Painter, and F. Marquardt,
Proceedings of the National Academy of Sciences 114,
E3390 (2017).
[69] F. Dapasse and J. M. Vigoureux, Journal of Physics D:
Applied Physics 27, 914 (1994).
[70] S. K. Mohanty, J. T. Andrews, and P. K. Gupta, Opt.
Express 12, 2746 (2004).
[71] M. Ramm, T. Pruttivarasin, and H. Ha¨ffner, New Jour-
nal of Physics 16, 063062 (2014).
[72] A. Asadian, D. Manzano, M. Tiersch, and H. J. Briegel,
Phys. Rev. E 87, 012109 (2013).
[73] S. Sen, T. K. Mohan, and J. M. Pfannes, Physica A: Sta-
tistical Mechanics and its Applications 342, 336 (2004).
[74] L. Feng, Y.-L. Xu, W. S. Fegadolli, M.-H. Lu, J. E.
Oliveira, V. R. Almeida, Y.-F. Chen, and A. Scherer,
Nature materials 12, 108 (2013).
[75] S. Longhi, Phys. Rev. A 82, 031801 (2010).
[76] M. S. Rudner and L. S. Levitov, Phys. Rev. Lett. 102,
065703 (2009).
[77] Y. Huang, Z.-q. Yin, and W. L. Yang, Phys. Rev. A 94,
022302 (2016).
[78] T. Chattaraj and R. V. Krems, Phys. Rev. A 94, 023601
(2016).
